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Introduction
Copper (Cu) is an essential trace element in plants, which participates in many physiological processes such as electron transport in photosynthesis and respiration, detoxication, and redox reaction [1] . Due to its widespread use as a pesticide and mining as well as smelting activities, the level of Cu 2+ in the soil is often elevated. Plants absorb Cu 2+ from the soil through the root, which further reach the aboveground part of plants through the xylem vessels. Finally, these ions are sequestered in the cell walls, vacuoles and the Golgi apparatuses through membrane transporter carriers [2] . For most plants, high concentrations of Cu 2+ are toxic, which can cause toxicity symptoms, severe root damage and plant growth inhibition [3] . Alaoui-Sossé et al. [4] and Atha et al. [5] reported that Cu 2+ stress can alter the ion distribution of calcium, potassium and magnesium in the cucumber root and leaves, and inhibit leaf expand and photosynthesis. Excess Cu 2+ is also found to induce lipid peroxidation and promote potassium ion efflux in Arabidopsis seedlings [6] . Plants initially recognize heavy metal stress, activate/product signaling molecules and trigger the intracellular signal transduction, thereby mediating physiological and biochemical changes. Signaling molecules such as phytohormones, reactive oxygen species (ROS) and nitric oxide, regulate plant responses to heavy metal via gene expression [7, 8] , detoxification protein synthesis [9] and enzyme activity changes [2, 10, 11] . Hydrogen peroxide (H 2 O 2 ) is thought to be a universal signaling molecule in the cell. Its rapid production plays an important role in heavy metal-induced signal pathway, which promotes the expression of antioxidant genes and enhances the capacity of antioxidant defense systems [12, 13] .
In all eukaryotes, the mitogen-activated protein kinase (MAPK) cascade is a universal module of signal transduction, serving at the center of intracellular signal transduction. Diverse signal pathways use MAPKs to regulate a variety of cellular functions in response to different extracellular stimuli [14] [15] [16] . There is abundant evidence that plant MAPKs can be activated by a variety of metals and play an important role in response to the metals such as AtMPK3 and AtMPK6 in arabidopsis [13] , four distinct MAPKs in alfalfa, OsMPK3 and OsMPK6 in rice [17] [18] [19] , and ZmMPK5 in maize [20] . A MAPK, named ZmMPK3 of group A in maize, shares high identity with the above MAPKs. Our previous studies have found that ZmMPK3 involved in diverse stress responses. Drought, oxidative stress, hormone and cadmium stress can change the transcription level of ZmMPK3 in maize [21] . In-gel kinase assay confirms that ZmMPK3 is activated by oxidative stress in maize leaves. However, the effects of Cu 2+ on the kinase activity of ZmMPK3 in maize leaves remain poorly understood. The relationship between ZmMPK3 activation and antioxidant enzymes activities during Cu 2+ -induced stress responses has also not been well examined. In this study, we examined the relationships amongst Cu 2+ treatment, oxidative stress, ZmMPK3 and antioxidant enzymes in maize leaf, to delineate a signaling pathway activated by Cu
2+
. C, and then were exposed to 100 μM CuCl 2 for 0, 2, 4, 8, 12 and 24 h, respectively. To further investigate the effects of antioxidant dimethylthiourea (DMTU, 5 mM) and MAPK inhibitor (PD98059, 100 μM), the seedlings were pretreated with them separately for 8 h and then exposed to 100 μM CuCl 2 for 24 h under the same conditions as described above. After Cu 2+ treatments, the second leave from each seedling was sampled for analysis.
Materials and methods

Plant materials and design
Histochemical detection of H 2 O 2
H 2 O 2 accumulation in leaf tissues was measured using the DAB staining protocol according to the method by Orozco-Cárdebas and Ryan [22] . Briefly, plants were supplied through the roots with a 1 mgÁmL -1 solution of DAB (pH 3.8) for 8 h, and then exposed to 100 μM CuCl 2 solution. After these treatments, the second leaves were decolorized in boiling ethanol (95%) for 10 min. After cooling, the leaves were extracted at room temperature with fresh ethanol and photographed.
Determination of H 2 O 2 content
The level of H 2 O 2 was analyzed by monitoring the A415 of the titanium-peroxide complex following the method described by Jiang & Zhang [23] . Absorbance values were calibrated to a standard curve generated with known concentrations of H 2 O 2 . Recovery was checked by adding various amounts of H 2 O 2 to the leaf extracts as an internal standard.
Protein extraction
Total protein was extracted from leaves with an extraction buffer according to the procedures described previously [20] . The protein concentration in tissue supernatant was evaluated with Bradford assay [24] . Antibody production and immunoprecipitation in-gel kinase activity assay. The ZmMPK3 polyclonal antibody was raised as described in Wang et al [21] . Immunoprecipitation in-gel kinase activity assay was performed using the method as described by Yu et al [25] . 
Enzyme activities assays of SOD, CAT and APX
Frozen leaf segments were homogenized and the homogenate was centrifuged and the supernatant was immediately used for the antioxidant enzyme assays. The activities of SOD, CAT and APX were determined as described previously [23] . SOD activity was assayed by monitoring the inhibition of photochemical reduction of NBT. One unit of SOD was defined as the amount of protein that inhibited the rate of NBT reduction by 50% at 560 nm. CAT activity was assayed by measuring the rate of decomposition of H 2 O 2 at 240 nm. APX activity was measured by monitoring the decrease in absorbance at 290 nm as ascorbate was oxidized. The units of antioxidant enzymes activities were U mg -1 protein (SOD), μmol min -1 mg -1 protein (CAT) and μmol min -1 mg -1 protein (APX), respectively.
Statistical analysis
All Statistical analyses were performed using SPSS 22.0 computer software package. Data were expressed as mean values ± S.E. Differences among groups were examined by one-way ANOVA followed by LSD. P<0.05 was considered as statistically significant. 
Results
H 2 O 2 production in the leaves of maize exposed to Cu
2+
Effects of Cu 2+ stress on ZmMPK3 activity in maize leaves
To investigate the effect of Cu 2+ on ZmMPK3 activity, the polyclonal antibody that recognizes the C-terminal region of ZmMAPK3 was raised in rabbits, and the immune-precipitation in combination with in-gel kinase assay was performed. As shown in Fig 2 , Cu 2+ treatment increased the ZmMPK3 activity in does-and time-dependent manners (Fig 2) .
Effects of excess Cu 2+ exposure on the activities of antioxidant enzymes
High concentration of H 2 O 2 is harmful to cells. So in the course of evolution, plants have developed a protective system that can reduce oxidative stress and damage. Enzymes SOD, CAT and APX are ROS scavengers in the anti-oxidant protection system. Therefore, we further measured the activities of these three enzymes. Excess Cu 2+ increases the activity of SOD in leaves of maize seedling in a dose-dependent manner (Fig 3) . The activity of SOD reached its maximum when treated with Cu 2+ at 100 μM, which was approximately 200% of that in the control group. Similar to SOD activity, Cu 2+ increased the activities of CAT and APX in a dose-dependent manner (Fig 3) . And the change in the activity of the two enzymes was in the Effects of pre-treatment with DMTU or PD98059 on antioxidant enzymes activities induced by Cu 2+ stress Fig 5 showed that the activities of SOD, CAT and APX increased significantly in the leaves after being treated by excess Cu 2+ compared with that in the controls. But the increases of antioxidant enzymes activities were suppressed by DMTU or PD98059.
Discussion
The earlier period of the exposure to a stress factor is critical and it will determine further changes in the organism. During this period some signaling pathways are activated, which may enhance the resistance or/and aggravate the stress [26] . Cu is a transition metal with an electrochemical potential and participates in important redox reactions in cellular electron transport chains, for example as a cofactor of oxidases [1] . But large doses of Cu 2+ is acutely toxic for all plants [4, 13] . One of Cu 2+ toxicity is to catalyze the formation of ROS [27] . However, as ubiquitous signaling molecule, ROS also involved in the recognition of and the response to stress factors, influencing signal transduction and gene expression [28] . In this study, the oxidative-redox state of maize leaves after Cu 2+ treatment was investigated using the DAB staining and spectrophotometric method, respectively. MAPK cascade has been shown to be associated with signaling transmission from cytoplasm to nucleus, and plays a central role in the expression of resistance-related genes [11] . The interaction of Cu 2+ with MAPK seems to be an important parameter to explore the mechanism of a possible detoxification effect of Cu
2+
. In plant, convincing evidence demonstrates interference of Cu 2+ with MAPKs. Exposure of alfalfa (Medicago sativa) seedlings to excess Cu 2+ rapidly activated four distinct MAPKs including SAMK, SIMK, MMK2, and MMK3 [17] . In rice it activated, at least, three different MAPKs, including OsMPK3, OsMPK6, and 40 kDa MAPK, which regulate heavy metal stress tolerance [19] . In the present study, Cu 2+ stress induced the increase of ZmMPK3 activity in a relatively short time (e.g. 0.5-4 h), which suggested that ZmMPK3 signal pathway was activated by Cu 2+ and involved in stress response to heavy metal (Fig 2) . It transmits signals through phosphorylation, which ultimately activates effector proteins or promotes transcription of resistance-related genes [11, 22] . Numerous changes that occur under stresses include both pathological consequences of stress injury and adaptive responses [30] . Metal ions exposure can increase ROS production. High concentration of ROS is harmful to cell, which causes a series of pathological changes, such as lipid peroxidation, membrane damage and enzymes inactivation as well as cell viability [31, 32] . In order to avoid the diverse effects from ROS, plants have formed an antioxidant network and trigger adaptive responses. Antioxidant enzymes (such as SOD, CAT and APX) involved in ROS scavenging [26, 33] . O 2
•-scavenging by SOD and H 2 O 2 decomposition by APX and CAT are mainly related to the maintenance of cellular redox stability. The rapid O 2 •-generation occurred concomitantly with enhanced SOD activities in the Cu
-treated (1-6 h) wheat roots [34] . Cu 2+ tolerance in pea correlated with increased activities of SOD and CAT. Lombardi and Sebastiani [35] reported that Cu 2+ stress increased total CAT and SOD activity and induced simultaneously SOD and CAT gene expression in Prunus cerasifera. In the present study, it is interesting to note that H 2 O 2 rapid accumulated in excessive Cu 2+ -treated seedling. In view of this, the activities of three antioxidant enzymes (SOD, CAT and APX) in maize leaves exposed to Cu 2+ stress were analyzed (Fig 3) . The data showed that their activities were increased significantly at 24 h of Cu 2+ treatment, indicating that Cu 2+ exposure increased the content of ROS in plants, but at the same time, it also activate the defense system. Plants reduced the cellular ROS level and weakened cytotoxicity pretreated with or without 100 μM PD98059/5 mM DMTU for 8 h, then exposed to 100 induced by Cu 2+ through enhancing antioxidant enzymes activities. Our observation was consistent with that of Hu et al. [29] , which indicated that Cu 2+ led to the increase of antioxidant enzymes activities in maize leaves. Excess Cu 2+ can increase content and/or activity of antioxidants which contribute to remove "free" Cu 2+ and to re-establish cellular ion and redox homeostasis. So, the increase of antioxidant enzymes activities is a kind of detoxification responses, which reduce stress injury caused by Cu 2+ and improve stress tolerance.
We further focused our attention on the relationships among H 2 O 2 , ZmMPK3 and antioxidant enzymes under Cu 2+ stress. Our previous work has shown that the transcription level and activity of ZmMPK3 in maize seedlings were increased after being exposed to H 2 O 2 [21] . Many studies showed that heavy metals-induced ROS production plays an important role in MAPK activation [17, 36, 37] . ZmMPK5 in maize was activated by both drought and ABA, which is regulated by H 2 O 2 [22, 38] . 
